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Superﬂuid condensation of neutrinos of cosmological origin at a low enough temperature can provide
simple and elegant solution to the problems of neutrino oscillations and the accelerated expansion of the
universe. It would give rise to a late time cosmological constant of small magnitude and also generate tiny
masses for the neutrinos as observed from their ﬂavor oscillations. We show that carefully prepared beta
decay experiments in the laboratory would carry signatures of such a condensation, and thus, it would
be possible to either establish or rule out neutrino condensation of cosmological scale in laboratory
experiments.
© 2011 Elsevier B.V. Open access under CC BY license.The ﬂavour oscillations of neutrinos and the accelerated ex-
pansion of the universe are two fundamental problems in particle
physics and cosmology. The neutrino oscillations indicate that neu-
trinos are massive and their masses are slightly different for the
different ﬂavors. On the other hand the accelerated expansion of
the universe requires an existence of some form of dark energy or
a cosmological constant. Due to the proximity of the dark-energy
scale with the neutrino masses, there have been a lot of efforts in
ﬁnding a uniﬁed solution to both the problems [1].
Recently, there has been a lot of interests in neutrino conden-
sation on the cosmological scales [2]. It has been argued that the
background neutrinos under certain conditions can become super-
ﬂuid [3,4]. The neutrino condensates can then contribute towards
the accelerated expansion of the universe [3–6] and they can also
generate the Majorana mass term. In this work we investigate this
scenario further with the aim of investigating experimental signa-
tures of the background neutrino-condensates.
Our arguments are based on the phenomenon called the “An-
dreev reﬂection” which is extensively studied in the literatures
of superconductivity [7]. Before explaining the Andreev reﬂection,
we ﬁrst mention the general ideas for the neutrino condensa-
tion. Our analysis is based on a very simple and elegant model
given by Caldi and Chodos [3], although the results are more gen-
eral and can be applied to the other mechanisms also. This pic-
ture requires that the background neutrinos to be in a degenerate
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is not inconsistent with the standard model of cosmology [8,9]. It
is well known that at a low enough temperature a gas of degen-
erate fermions undergo a phase-transition to the superﬂuid state,
if there is an attractive-interaction between the fermions in any
angular-momentum channel [10]. However such transition for the
Dirac neutrinos within the standard electroweak interaction may
not be possible [3] (see also Ref. [11]). Interestingly, they also sug-
gest that the degenerate Dirac-neutrinos in the presence of some
new (unknown) attractive interaction, howsoever weak, can form
condensates.
The condensation can be studied by using the Lagrangian den-
sity for the four-fermion interaction within the mean-ﬁeld theory
frame work [3,4,11]. From this one can ﬁnd the BCS-type super-
ﬂuid condensation with the gap parameter given by  ∼ μe−
1
μ2G2 ,
where μ is the neutrino chemical potential and G signiﬁes the
strength of the four-fermions coupling. Such condensates can nat-
urally give rise to Majorana mass of the neutrinos. In fact for the
values of μ allowed by the big-bang nucleosynthesis, it is always
possible to choose the values of G such that the cosmological con-
stant, Λ ∼ G2|〈νν〉|2, is of the order (10−3 eV)4 = (meV)4 and
the value of neutrino mass, mν ∼  = G2|〈νν〉|, can be anywhere
between a meV and few hundred MeV. Neutrino mass generated
through such a mechanism will not have any signiﬁcant contri-
bution to the dark matter in the universe. However, if we allow
the chemical potentials for different neutrino species to vary, the
condensates could depend non-trivially on ﬂavor, leading to an in-
teresting spectrum of neutrino masses and mixing. This suggests a
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the lepton number conservation at the microscopic level.
1. Andreev reﬂection
It is not diﬃcult to understand the Andreev reﬂection phe-
nomenon qualitatively. Generally the quasi-particle states propa-
gating in a superﬂuid with energy  below the gap energy 
are forbidden. But the sub- transfer is possible if an incoming
electron with  is transfered along with an another electron by
forming a Cooper pair into the superconductor. In terms of sin-
gle particle state this can be described by the reﬂection of a hole
in the normal metal. Thus the Andreev reﬂection of a hole (or an
electron) is equivalent to the transfer of a Cooper pair in (or out of)
the superconductor. But the single electron transfer with the sub-
gap energy is not allowed in the superconductor. Quasi-particles of
energy  > , propagate in the condensate as a massive particles,
of mass equal to  [7].
In the mean ﬁeld description, the starting point is an effective
Hamiltonian with four-fermion interaction given by,
H =
∫
d3x
[ ∑
α=↑,↓
ψ
†
α(r, t)
(
−∇
2
2m
− EF
)
ψα(r, t)
+ (r, t)ψ†↑(r, t)ψ†↓(r, t) + (r, t)ψ↓(r, t)ψ↑(r, t)
]
(1)
where, EF is the Fermi energy (∼ chemical potential), and the “or-
der parameter” ﬁeld  is
αβ(r, t) =
〈
ψα(r, t)ψβ(r, t)
〉= (r, t)αβ (2)
The equation of motion obtained from the Hamiltonian above is
known as Bogoliubov–de Gennes equation in the theory of super-
conductivity/superﬂuidity and is given by,
ı∂t
(
ψ↑(r, t)
ψ
†
↓(r, t)
)
=
(−∇22m − EF (r, t)
(r, t) ∇22m + EF
)(
ψ↑(r, t)
ψ
†
↓(r, t)
)
(3)
These linear equations can be treated as equations for single par-
ticle wave functions instead of operators. For  = 0, the equations
decouple and we have the plane wave solutions, with the disper-
sion relation, E = q for particles and E = −q for holes (antipar-
ticles), q = 	q2/2m − E F . This is the case with the normal conduc-
tors (metals). When  = const. 
= 0, we still have plane waves as
solutions, however, with the change that quasi-particle spectrum
within the condensate is gapped,
E2 = 2q + ||2 (4)
The quasi-particle wave functions are,(
φp
φh
)
= D
(
A+ exp(ıδ)
A− exp(−ıδ)
)
exp(ıq+ · r − ıEt)
+ F
(
A− exp(ıδ)
A+ exp(−ıδ)
)
exp(ıq− · r − ıEt) (5)
where A± =
√
1
2 (1± ξ/E), ξ =
√
E2 − ||2, q2±/2m = E F ± ξ , δ is
the phase of the complex order parameter, and D and F are some
constants. The wave functions, φp and φh correspond to particle
and hole like excitations of mass . However, note that they are
not in the eigenstate of particle number or electric charge. For
E  ||, they reduce to wave functions for particles and holes re-
spectively. When the quasi-particle excitation energy, E < ||, the
momenta are complex, and therefore, these modes do not propa-
gate in the condensate medium. When such excitations reach thenormal conductor-condensate junction from the conductor side of
the arrangement, we have, what is known as Andreev reﬂection in
the theory of superconductivity.
Let us consider a normal conductor–superconductor slab aligned
along the z-axis. Assume 	r = (0,0, z). The junction of the materials
is located at z = 0. At the conductor side (z < 0),  = 0 while at
the superconductor side (z > 0),  = constant. Let us now suppose
that particles of energy, E , from conductor side of the slab, hits
the junction. To see the details of what happens at the boundary,
we need to solve the stationary Bogoliubov–de Gennes equation,
Eq. (3), with the boundary conditions: (1) for z → −∞ excita-
tions are particles or holes (conductors), (2) for z → ∞ excitations
are quasi-particles (superconductor), (3) for z = 0 wave functions
and their ﬁrst spatial derivatives are continuous at the boundary
at z = 0. It is not hard to solve this problem and detailed solu-
tions can be found in Ref. [7]. The net result is that the probability
current through the junction is,
jz =
{
0 for E < 
2ξ
E+ξ + ©( 1EF ) for E > 
(6)
where v F = √2EF /m, is the Fermi velocity. The reﬂection and
transmission coeﬃcients are,{ Rhole = 1, Tquasi = 0 for E < 
Rhole = E−ξE+ξ , Tquasi = 2ξE+ξ for E > 
(7)
These equations clearly show that an incoming particle hitting
the junction from the conductor side with energy below the gap
cannot cross the junction, instead a hole is reﬂected back in the
opposite direction. This is not diﬃcult to understand physically-
near the boundary, the incoming particle creates a particle and a
hole of equal and opposite momenta from the Fermi sea, pairs up
with the particle and disappears in the condensate and the hole
is reﬂected back. This is the Andreev reﬂection phenomenon. For
E  , Rhole → 0, Tquasi → 1. For energy, E , not too high above the
gap, , there is partial transmission of quasi-particles and partial
reﬂection of holes.
2. Experimental signatures
To understand the role of Andreev reﬂection in the context
of neutrinos, we have to ﬁnd the fate of the condensate within
materials. Cosmological neutrinos are of low energy and large
wavelength, and therefore, the size of the Cooper pairs in the
condensate would be large. Weak interaction of neutrinos with
matter is mediated through charge currents as well as neutral cur-
rents. However, the cross section of such interactions is extremely
small. For Eν = 1 MeV, this cross section is ∼ 10−44 cm2, and
for Eν = 1 eV, it is ∼ 10−56 cm2. Thus it would seem that mat-
ter is almost transparent for neutrinos. However, it turns out that
for low energy neutrinos there is coherent neutrino processes in
matter [12]. For momentum ∼ a few hundred MeV/c, neutrinos
would elastically scatter from nuclei with cross section propor-
tional to A2. For lower momenta it will coherently scatter off the
entire atom, meaning all the nucleons and electrons in the atom.
Subsequent lowering of momenta involves, coherent scattering of
neutrinos from all the atoms contained in the wavelength. Thus
the scattering cross section would grow as the square of num-
ber elementary particles (quarks & leptons) contained within the
wavelength. Thus, it would seem that the Cooper pairs could be
broken and condensate could be disordered by coherent scattering
processes. We know from work of Caldi and Chodos [3] that the
value of the order parameter is decided by the chemical potential
and the coupling constant of the assumed “new interaction”. From
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bound on the combined value of the chemical potentials of all the
three ﬂavors of neutrinos. We may get an estimate of the range of
the “new coupling” from the formula for the neutrino mass and
the cosmological constant obtained from condensate order param-
eter. The neutrino mass is given by, mν ∼  = G2|〈νν〉| and cos-
mological constant by, Λ ∼ G2|〈νν〉|2, and therefore, G2 ∼m2ν/Λ.
If mν ∼ meV (∼ 10−3 eV) and Λ ∼ (meV)4, range of the coupling
G , is of the order of meV. But for mν ∼ eV, the range changes
to micro-electron volts. Moreover, for different ﬂavor of neutrinos,
we expect that the chemical potentials as well as the coupling con-
stants are slightly different. Thus there is large uncertainty in the
values of the relevant parameters and it is hard to decide whether
the Cooper pairs are stable or disordered by coherent scattering
processes within ordinary materials. Therefore, for experimental
signatures of condensates, we will consider both the possibilities.
In the ﬁrst case, the Cooper pairs are assumed to be broken within
ordinary materials and the material surface forms boundary with
the cosmological condensate. In the second case, we assume that
the condensate penetrates ordinary matter and the Cooper pairs
are intact.
We have, so far, considered only the neutrinos of cosmologi-
cal origin. However, there exist many other sources of neutrinos
in nature as well laboratory. The energy spectrum of neutrinos
produced in these processes is very wide, but most of the ﬂux
is concentrated in energy of the order of a few MeV. With the
cosmological context in mind, we are interested in properties of
low energy neutrinos. It turns out that the radioactive decay of tri-
tium contains low energy ﬂux of antineutrinos. We will, therefore,
consider an experimental set up with radioactive tritium sample
undergoing beta decay. The experimental set up should be con-
ceptually similar to the arrangement used in the KATRIN experi-
ment [13]. The tritium nucleus decays to, 3H1 → 3He2 + e− + ν¯e ,
with half life of T1/2 ≈ 12.3 years. The total energy released in the
decay is E0 = 18.6 KeV. Beta decay energy spectrum is analysed
by using the Curie plot [14]. The electron spectrum in the allowed
beta decay is,
Ne(Ee)dEe ∝ F (Z , Ee)
√
E2e −m2e Ee(E0 − Ee)
×
√
(E0 − Ee)2 −m2ν dEe (8)
where F (Z , Ee) is the known Coulomb factor, E0 is the total en-
ergy released in the beta decay of the nucleus, Ee , is the energy
carried away by the electrons. The plot of the Curie function,
[Ne(Ee)/(F (Z , Ee)pe Ee)]1/2 versus electron energy Ee should be
a straight line when mν = 0 but should be of a different shape
near the end point when mν 
= 0. We are interested in the prop-
erties of the neutrinos released in the beta decay assuming the
presence of cosmological background neutrino condensation. For
clarity and simplicity, we assume that the background cosmolog-
ical condensate is made from Cooper pairs of antineutrinos. For
neutrino condensates, one can use essentially the same arguments
in a slightly different manner. In this situation, we have the fol-
lowing two possibilities:
(1). The Cooper pairs of the cosmological condensate are
formed by antineutrinos of low energy and large wavelength. The
pair binding is not too strong even by the standard of weak in-
teractions, and therefore, within the radioactive material (tritium)
the condensate is disordered by the process of coherent scattering.
The condensate outside the material remains unchanged. We have
antineutrinos both from the disordered cosmological condensate
and the radioactive beta decay within the tritium sample. We en-
counter here a situation similar to one in condensed matter system
with metal-condensate boundary. We, therefore, refer to Andreevreﬂection phenomenon to understand the physical processes in
the material, condensate and their boundary. Antineutrinos (and
neutrinos if any) of energy lower than the value of the conden-
sate order parameter ||, are trapped inside the material. If any
of these sub-barrier antineutrinos, of momentum 	p, reaches the
condensate boundary, a neutrino–antineutrino pair of equal and
opposite momentum, 	−p and 	p, is created at the junction. The
newly created antineutrino combines with the old incoming an-
tineutrino, forms a Cooper pair and disappears in the condensate.
The neutrino (hole) is reﬂected back. Similar phenomenon takes
place when the reﬂected neutrino reaches the boundary. However,
those with energy greater than ||, move into the condensate and
propagate as quasi-particles of mass ||, their dispersion relation
being, E =√p2 + ||2. Thus the energy of the antineutrinos from
the beta decay in the sample covers the entire spectrum of the
released energy and thus the Curie plot in this case is a straight
line (as in the case of massless neutrinos) with end point at the
maximum energy, E0 = 18.6 KeV (with a few extra events near
the end point which will be explained latter). Such a mechanism
of mass generation does not lead to violation of lepton number at
the microscopic level, and therefore, also implies that there is no
neutrinoless double beta decay [15].
Andreev reﬂection process creates a mixture of sub-barrier en-
ergy neutrinos (holes) and antineutrinos within the sample. The
process 3H1 + ν → 3He2 + e− is energetically feasible and has the
same cross section as 3H1 → 3He2 + e− + ν¯ . Reaction cross section
for such a processes involving low energy neutrinos is very small.
However, in an experiment run over very long time some low en-
ergy antineutrino excess event, which would show up as excess
electrons near the end point of Curie plot, should be seen. The es-
timated number of such electrons is approximately 50% more than
what is expected from the standard model. From the end point of
the spectrum where the excess events start appearing, one can es-
timate the value of the order parameter. It should be noted that
the background cosmological neutrinos, in the absence of conden-
sation would also create excess events near the end of the beta
decay spectrum, however unlike in our case, the energy spectrum
will have a monoenergetic peak at E = E0 +mν , where E0 is end
point of spectrum and mν is the neutrino mass [16]. Experiments
such as KATRIN is designed to search for beta decay to low energy
antineutrinos and it is in these experiments that one would expect
such events to be established or ruled out.
(2). The cosmological condensate penetrates the tritium sam-
ple and there is no change either in the superﬂuid ordering or the
value of the order parameter. As explained earlier, single particle
states of energy less than the value of the order parameter cannot
be sustained in the condensate. Because of this constraint on the
available phase space, radioactive tritium cannot decay into sub-
barrier energy antineutrinos. However, it can decay into antineutri-
nos of energy greater than the value of the order parameter, ||.
These supra-barrier neutrinos produced in the beta decay in the
nucleus have wavelength shorter than the neutrinos in the Cooper
pair and they are in eigenstate state of particle number operator
within the Cooper pair length scale. Therefore, in the calculation
of beta decay amplitude they are considered massless, with dis-
persion relation, Eν = cpν (elsewhere, c = 1). In the derivation of
Curie function in this case, the important point that we have to
keep in mind is that Eν > , because there is no single particle
state below this energy. Thus the Curie plot is still a straight line
but the end point has a cut off at energy equal to E0 − ||. How-
ever, within the condensate these antineutrinos will propagate as
quasi-particles (in Bogoliubov state) of mass ||, with dispersion
relation given by, E = √p2 + ||2. As in the previous case, the
antineutrinos (and neutrinos) propagate as massive quasi-particles
having Majorana mass but there is no violation of the lepton num-
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possibility of neutrinoless double beta decay. The massive quasi-
particles are not in the eigenstate states of particle number or the
electronic lepton number operators. This is also the necessary re-
quirement for neutrino oscillations. Thus, slightly deferent values
of the condensate order parameters for three ﬂavors of neutrinos
would nicely account for neutrino oscillations.
In both the cases discussed above, we ﬁnd that the value of the
order parameter (and thus the mass of the neutrinos) can be esti-
mated from the end point behaviour of the beta decay spectrum.
The rate of neutrinoless double beta decay is known to be propor-
tional to the square of neutrino mass. Thus, we can estimate this
decay rate and expect that in a suitably designed experiment, it
can either be established or ruled out.
3. Conclusions
We have discussed in some details how the superﬂuid conden-
sation of background neutrinos of cosmological origin can generate
neutrino mass for ﬂavor oscillations and also account for the accel-
erated expansion of the universe. Such a mechanism does not seem
to be in conﬂict with any aspect of the standard model of parti-
cle physics. However, it indicates the existence of new physics in
the form of new attractive interaction among the neutrinos. We
have shown that, in carefully prepared beta decay experiments,
this model would lead to experimental signatures as listed below:
(i). Absence of neutrinoless double beta decay is a necessary
requirement. If neutrinoless double beta decay is observed, the
mechanism of mass generation and oscillation discussed in this
Letter should be considered redundant.
(ii). The Curie plot is a straight line with either of the two
possibilities, (a) the end point of the plot extends up to the to-
tal beta decay energy released, E0 = 18.6 KeV, with a few extra
low energy events in an experiment run over suﬃciently long time
(such events are known to exist, however, they are still within the
experimental error bars and can be settled only by future experi-
ments [14]), (b) the straight line terminates at E0 −||, where ||
is the superﬂuid order parameter.
Thus, it should be possible to either establish or rule out cos-
mological neutrino condensation from carefully prepared beta de-
cay experiments in laboratory.Acknowledgement
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